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A dramatic rise in obesity and metabolic disorders has been observed in both developing countries and the developed world (1) . An early life component is increasingly being recognized in the etiology of these disorders (2, 3) . Patterns of growth associated with low birth weight and increased weight gain in childhood, as well as low birth weight per se, have shown consistent inverse associations with cardiovascular risk factors, insulin resistance, diabetes, and cardiovascular disease in adulthood (4) (5) (6) (7) (8) (9) .
In contrast to birth weight and childhood growth trajectories, there has been little research on the relation of the immediate postnatal developmental period to cardiovascular and metabolic outcomes in adulthood. This is the period of the fastest growth in the entire life span and is a critical window of tissue and organ development wherein several regulatory mechanisms continue to develop after birth (10) . Thus, variations in this process may have long-lasting effects on health. Several studies have examined weight changes between birth and the first year of life; results have suggested that weight gain is associated with childhood, adolescent, and adult obesity and with higher levels of cardiovascular and metabolic risk factors (7, (11) (12) (13) . However, most of those studies lacked frequent measurements of weight and height (necessary for calculating growth velocities) during the immediate postnatal growth period, whereas others suffered from relatively small sample sizes. Therefore, we examined velocities from detailed and frequent growth measurement data collected throughout the first 2 years of life and metabolic disturbances at age 31 years among 3,778 Finns enrolled in the Northern Finland Birth Cohort 1966 Study.
MATERIALS AND METHODS
Recruitment and data collection methods in the Northern Finland Birth Cohort 1966 Study have been previously described (14) . All northern Finland births with expected delivery dates in 1966 were eligible (n ¼ 12,058 livebirths; 96.3% of all births). Follow-up in 1997-1998 consisted of questionnaires (n ¼ 11,541 persons alive and traced) and clinical examinations for participants living in the original target area or the Helsinki area (n ¼ 8,463 eligible persons).
Baseline data were collected from mothers by questionnaire during the 24th-28th weeks of gestation. The course of pregnancy was prospectively recorded in maternity records and the information was transferred by midwives onto study forms, as were data on the birth (99% occurred in hospitals) and the newborn at the time of delivery. Birth weight and birth length were measured using standardized methods. Gestational age was computed as the number of completed weeks from the date of the mother's last menstrual period to delivery. Growth data were collected from communal health clinics. On average, 8 height measurements and 9 weight measurements were obtained per person from birth to age 2 years. Approximately 25% of the records requested were missing or could not be obtained. The measurement times were chosen on the basis of national recommendations (monthly during the first year and yearly measurements in later childhood), but some variation exists between individuals. Mothers were classified as light smokers if they smoked up to 10 cigarettes per day after the second month of pregnancy and as heavy smokers if they smoked more than 10 cigarettes per day after the second month. The social class of the family at birth was determined by the father's occupation and its prestige, according to a social grouping established by the Helsinki Office of Statistics that is frequently used for this purpose in Finland (15) .
Participants still living in northern Finland or the Helsinki area at age 31 years were invited to undergo a clinical examination (71% attended; n ¼ 6,007). The clinical examination included measurement of weight and height, waist circumference (midway between the lowest rib margin and the iliac crest), and systolic and diastolic blood pressure (taken by trained nurses using a standard mercury sphygmomanometer after 15 minutes' rest) (7) and drawing of a blood sample after overnight fasting. Samples were stored at -70°C until analyzed. Enzymatic assays of fasting serum glucose, total cholesterol, high density lipoprotein (HDL) cholesterol, and triglyceride concentrations were carried out using a Hitachi 911 automatic analyzer and commercial reagents (Boehringer Mannheim, Mannheim, Germany) in the accredited laboratory of Oulu University Hospital (Oulu, Finland). The metabolic syndrome was defined according to the US National Cholesterol Education Program's updated clinical guidelines (16) .
The University of Oulu (Oulu, Finland) ethics committee approved the study. Each participant gave written informed consent.
Growth modeling
Growth modeling has been previously described in detail (17) (see Appendix). Parametric Reed1 growth curves were fitted separately for boys and girls using nonlinear randomeffects models. The best-fitting curves for each individual were estimated by means of the maximum likelihood method. Height and weight growth velocity curves were obtained as first derivatives and acceleration curves as second derivatives of the height growth curves. Velocity and acceleration curves were then used to draw biologically meaningful parameters-peak height and weight velocities-as described below. The models were fitted (by U. S.) using the nlme function in the R software program (version 2.4.1; http://www. r-project.org/).
Statistical analysis
Among participants who attended the clinical examination, 4,026 (2,005 males and 2,021 females) and 3,783 (1,891 males and 1,892 females) had valid measurements of weight and height growth in infancy (birth to 24 months), respectively. Twins and persons with fewer than 3 postnatal growth measurements were excluded from further analyses. This sample was a good representation of the full cohort as previously reported (7, 17) . There were slightly fewer low birth weight children (3.0% vs. 3.8%) and more farmers' children (21% vs. 16%) among persons who attended the clinical examination (7) . Unemployment history or social class at age 31 years did not differ significantly between persons who had infant growth data available and those who did not (17) . Body mass index (BMI) was calculated as weight (kg) divided by height squared (m 2 ). Glucose and triglyceride distributions were skewed, so data were logarithmically transformed. Descriptive statistics are presented as mean values (with standard deviations (SDs)) for continuous variables (median and interquartile range for logarithmically transformed variables) and percentages for categorical variables.
We fitted linear regression models to test associations between metabolic outcomes at age 31 years (HDL cholesterol, triglycerides, systolic and diastolic blood pressure, glucose, waist circumference, and BMI) and peak height and weight velocity. Sequential models were tested, with adjustment for sex (model 1); sex, maternal age, maternal height and weight before pregnancy, maternal smoking after 2 months of pregnancy, socioeconomic status at birth, and gestational age (model 2); all model 2 variables plus birth weight (model 3); and all model 3 variables plus BMI at age 31 years (model 4). We constructed logistic regression models to test associations between the metabolic syndrome and peak height and weight velocity, with the same adjustments as in models 1-4. We also analyzed peak height and weight velocity as deciles (10 groups) to examine deviations from linearity, and results are presented graphically. We fitted linear regression models for metabolic outcomes (and logistic regression models for the metabolic syndrome) to examine associations with birth weight, with the same adjustments as in model 1. We tested terms for interaction between growth measures and sex, growth measures and birth weight, and growth measures and BMI. To account for the random variation attached to the derived growth parameters, we weighted the association analyses by the number of measurements per person. A 2-sided P value less than 0.05 was used to denote statistical significance. No adjustments were made for multiple tests, since we tested a set of predefined hypotheses. Data were analyzed (by I. T.) using SAS, version 9 for Windows (SAS Institute Inc., Cary, North Carolina). Table 1 presents data on the main study characteristics for males, females, and the total population. Measures of infant growth were moderately correlated; the Pearson correlation coefficient for the correlation between peak height and weight velocity was 0.62. Birth weight and birth length were both positively associated with peak weight velocity (r ¼ 0.14 and r ¼ 0.20, respectively). The mean age at peak height velocity was 0.44 months (SD, 0.08), and the mean age at peak weight velocity was 1.22 months (SD, 0.16). Tables 2 and 3 present results from multivariable linear regression analysis for different components of the metabolic syndrome and results from logistic regression analysis for the presence of the metabolic syndrome at age 31 years. Peak height velocity was positively associated with systolic blood pressure, diastolic blood pressure, and waist circumference (Table 2 ). For each 8-cm/year (2-SD) increase in peak height velocity, waist circumference increased by 1.52 cm (95% confidence interval (CI): 0.60, 2.38) in adulthood, after adjustment for sex, gestational age, socioeconomic status at birth, maternal weight, height, and age, and smoking after 2 months of pregnancy. Using the same adjustments, each 8-cm/year increase in peak height velocity was associated with 1.73-mm Hg (95% CI: 0.75, 2.72) and 1.06-mm Hg (95% CI: 0.19, 1.93) higher systolic and diastolic blood pressure, respectively. Further adjustment for birth weight had little impact on these associations, whereas adjustment for BMI at age 31 years attenuated the associations, which all retained statistical significance. A peak height velocity that was higher by 8 cm/year (2 SDs) was associated with a nonsignificant 13% higher risk of metabolic syndrome (P ¼ 0.08), but further adjustment for BMI attenuated this association (9% higher risk; P ¼ 0.32). Associations between peak height velocity and BMI, HDL cholesterol, triglycerides, and glucose were small and nonsignificant in all models examined. Interaction terms for the interaction between peak height velocity and sex, birth weight, or BMI were nonsignificant.
RESULTS
Higher peak weight velocity was positively associated with systolic and diastolic blood pressure in most examined models (Table 3) . Associations were weaker than those observed with peak height velocity and lost statistical significance for systolic blood pressure after BMI was accounted for. Diastolic blood pressure did not display significant associations in any of the models examined. Waist circumference and BMI were positively associated with peak weight velocity. Each increase in peak weight velocity of 4 kg/year was associated with a 1.89-cm (95% CI: 1.11, 2.67) higher waist circumference in adulthood after adjustment for potential confounders (model 2). Adjustment for BMI at age 31 years attenuated these associations, which lost statistical significance. BMI was significantly associated with peak weight velocity; for each 4-kg/year (2-SD) increase in peak weight velocity, BMI was higher by 0.69 units (95% CI: 0.40, 0.99) ( Table 3 , model 2). Interaction terms for the interaction between peak weight velocity and sex, birth weight, or BMI were nonsignificant.
Associations between peak weight velocity and triglycerides and HDL cholesterol were small and nonsignificant in models 1-3, but after BMI was accounted for, significant associations with peak weight velocity (inverse for triglycerides and positive for HDL cholesterol) were observed (Table 3 , model 4). The size of the association was higher for triglycerides; each 4-kg/year increase in peak weight velocity was associated with 3.7% (95% CI: 0.5, 6.8) lower triglyceride levels (Table 3 , model 4). The same was true for the presence of the metabolic syndrome, after adjustment for BMI (model 4); the risk of developing the metabolic syndrome was 25% (95% CI: 12, 36) lower for each 4-kg/ year increase in peak weight velocity in infancy. Analysis of joint tertiles of peak weight velocity and BMI (Table 1 and  Appendix Table 1) showed that all of these phenotypes were strongly influenced by current BMI rather than peak weight velocity in infancy.
We repeated all analyses using deciles of peak height velocity and weight velocity (10 equal groups) to examine the shapes of the associations. A quadratic term for the relation between peak height velocity and waist circumference was statistically significant (P ¼ 0.01). No other model showed deviance from linearity. Figure 1 illustrates associations between deciles of peak height velocity and systolic and diastolic blood pressure and waist circumference, after adjustment for all variables in model 2 (Tables 2  and 3) . A nonlinear relation between waist circumference and peak height velocity can be observed.
Birth weight was inversely and significantly related to systolic blood pressure and triglycerides (Table 2, Appendix  Table 2 , and previously published results (7)). Associations between birth weight and waist circumference or BMI were positive but not statistically significant.
DISCUSSION
To our knowledge, this is the largest study to have examined parameters from fitted growth curves over the first 2 years of life in relation to cardiometabolic risk factors in adulthood. Our results showed that growth velocity during infancy was positively associated with systolic and diastolic blood pressure, BMI, and waist circumference in adulthood. The majority of associations were independent of several potential confounders, including birth weight, maternal age, maternal height and weight, maternal smoking, gestational age, and socioeconomic status at birth.
Peak weight velocity was inversely, albeit weakly, associated with triglyceride levels and the presence of the metabolic syndrome and was positively associated with HDL cholesterol levels in adulthood only in analysis adjusted for BMI in adulthood. These results require cautious interpretation, since associations were significant only when they were adjusted for adult BMI, which in turn is strongly and positively associated with peak weight velocity in infancy. Inverse associations between metabolic outcomes (triglycerides, other lipids, or insulin resistance) and early growth (birth weight, catch-up growth, or slow growth) in infancy have been previously reported in analyses examining weight (or BMI) changes between different time points in infancy or childhood (18) (19) (20) ; however, to our knowledge, results on Abbreviations: CI, confidence interval; OR, odds ratio. a All values are for a 2-standard-deviation increase in peak weight velocity (3.9 kg/year). Odds ratios are shown for the metabolic syndrome. b Results were adjusted for sex. c Results were adjusted for sex, socioeconomic status at birth, maternal age, maternal height and weight before pregnancy, maternal smoking after the second month of pregnancy, and gestational age at birth.
d Results were adjusted for all variables in model 2 plus birth weight. e Results were adjusted for all variables in model 3 plus body mass index at age 31 years. f We used the formula (10 (b) -1) 3 100 to represent percent differences in the dependent variable.
growth velocity have not been previously reported. These results suggest that early growth might be less harmful than later growth; understanding the effect of the relative contribution of different developmental periods and their potential interactions on later lipid and glucose metabolism is crucial and merits further investigation.
The association between weight gain in infancy and obesity in childhood, adolescence, and adulthood has recently been widely recognized (2) . In 2005, Baird et al. (21) published a systematic review of 10 studies which examined the relation between weight gain in infancy, assessed in various ways, and subsequent obesity, measured as body weight or BMI. Relative risks for subsequent obesity ranged from 1.2 to 5.7 among infants with rapid weight gain. However, in most of the articles reviewed, obesity was measured in childhood or adolescence, information on markers of obesity beyond weight or BMI was scarce, and few studies had repeated measures of growth at different time points. In the Caerphilly Growth Study, McCarthy et al. (22) modeled detailed weight changes among 676 boys and girls over the first 5 years of life and reported variable, nonconsistent associations between weight gain and adiposity in adulthood that were influenced by the time window of growth and the measure of adiposity used in adulthood.
Here, in a much larger sample, we have confirmed positive associations between early postnatal weight velocity over the first 2 years of life and BMI and waist circumference at age 31 years. Height velocity was also strongly associated with greater waist circumference independently of BMI, despite the high correlation between these 2 variables. The associations of weight and height growth velocities with waist circumference highlight the fact that early growth might have an effect on later visceral obesity. This finding is of particular importance, since abdominal adipose tissue, an endocrine organ, secretes adipocytokines and other vasoactive substances and can influence the risk of developing metabolic traits (23) . Waist circumference has also recently been shown to be a powerful predictor of allcause and cardiovascular disease mortality independently of BMI (24) .
Rapid postnatal height and weight growth were inversely associated with systolic and diastolic blood pressure, which was also recently reported in the Barry Caerphilly Growth Study (25) . Previous data from our cohort and other cohorts have suggested positive associations between weight gain from birth to the first year of life and higher systolic blood pressure but not diastolic blood pressure (7) . Interestingly, associations with peak height velocity retained statistical significance after several adjustments for potential confounders and were stronger and more consistent than associations with peak weight velocity. Birth weight displayed the well-described inverse association with systolic blood pressure in adulthood, which was independent of postnatal growth velocities, indicating an independent and probably distinct effect of these phenotypes on later blood pressure levels.
Our data show that both prenatal and postnatal growth patterns are important for later blood pressure and obesity levels and thus for cardiometabolic risk. The mechanisms of these associations are largely unknown, although several hypotheses have been proposed. Accelerated growth is often linked to the nutritional environment during infancy (26) . In fact, animal studies, in which perinatal environment can be easily manipulated, have shown that different nutritional experiences (quantity or quality of nutrition) during early life are associated with obesity and a higher metabolic rate in adulthood (10) as a result of tissue remodeling and changes in cell differentiation, organ growth, and cell signaling (26) (27) (28) . Postnatal nutritional excess, for example, leads to a chronic increase in leptin levels, which is further associated with obesity and blood pressure (29) . Abnormal growth in the prenatal and postnatal environments is also associated with long-term effects on the elastin and collagen fibers in the arterial wall, which is further associated with hypertension (30) . Finally, the observed associations might be a result of environmental plasticity, where the interplay between the genotype and conditions of growth and maturation can give rise to different phenotypes from the same genotype (31) . Therefore, the postnatal environment could influence gene expression, further influencing predisposition to obesity and high blood pressure later in adulthood, especially if genes modulating responses to later environmental challenge are affected (31) .
Strengths and limitations
This study had several important strengths. To our knowledge, it is the largest published study thus far to have examined parameters from fitted growth curves over the first 2 years of life in relation to cardiometabolic risk factors in adulthood. On average, as many as 8 height measurements and 9 weight measurements per person were obtained from birth to age 2 years. We chose a standard parametric approach to model longitudinal growth. This has the advantage of natural biologic interpretability of the parameters obtained from the fitted models and appeared to fit our data well. There are a number of alternative approachesfor instance, smoothing or regression cubic splines-and these are easy to fit, but the interpretation of parameters poses challenges, as does the selection of the degree of smoothness to be enforced (17) . Clinical examination at age 31 years was restricted to participants who were still living in the original study area or in the Helsinki area (the largest migrated group). Although this, together with nonresponse (30%), may introduce possible bias, demographic factors were fairly similar among persons attending the clinical examination and included in the present analyses and the remaining cohort members who were still alive.
Conclusions
Our data support recent evidence (2, 3, 25) that the first months of life, a period of development that is amenable to intervention, are important in the risk of later obesity and elevated blood pressure-2 major risk factors for cardiovascular disease and other chronic diseases. In future work, investigators need to replicate these results and elucidate potential mechanisms that might explain the reported associations. In addition, these results need to be placed in the context of other findings which have shown beneficial effects of early growth on later development of diabetes and other outcomes, including brain development (32) . In fact, little is known about associations between early growth and other outcomes such as depression and cancer, which are responsible for a substantial burden of disease in adulthood (31, 32) . A better understanding of mechanisms throughout the life course that contribute to obesity, cardiovascular risk, and other health outcomes is vital and would have important implications for prevention of chronic disease in adulthood. Abbreviations: CI, confidence interval; OR, odds ratio. a Regression coefficients and odds ratios are for a 2-standard-deviation (1-kg) increase in birth weight. b Results were adjusted for sex, socioeconomic status at birth, maternal age, maternal height and weight before pregnancy, maternal smoking after the second month of pregnancy, gestational age at birth, and peak height velocity.
Appendix
c Results were adjusted for sex, socioeconomic status at birth, maternal age, maternal height and weight before pregnancy, maternal smoking after the second month of pregnancy, gestational age at birth, and peak weight velocity. 
